Many people living in rural areas rely on privately owned wells as their primary source of drinking water. These water sources are at risk for fecal contamination of human, wildlife, and livestock origin. While traditional bacteriological testing involves culture-based methods, microbial source tracking (MST) assays present an opportunity to additionally determine the source of fecal contamination. This study investigated the main host sources of contamination in private well water samples with high levels of Escherichia coli (E. coli), using MST with human and multi-species specific markers. Fecal contamination of human origin was detected in approximately 50% of samples, indicating that current contamination prevention strategies require reconsideration. The relationship between cattle density and fecal contamination of bovine origin was investigated using a Bovine Bacteroidales specific MST assay. Regional variations of microbial sources were examined, and may inform local primary prevention strategies. Additionally, in order to assess MST and E. coli quantitative real time polymerase chain reaction (qPCR) assays as indicators of fecal contamination, these were compared to E. coli culture methods. Variation in results was observed across all assay methods investigated, suggesting the most appropriate routine bacteriological testing methodology cannot be determined without comparison to a method that directly detects the presence of fecal contamination.
INTRODUCTION
Globally, millions of people in developing and affluent nations rely on private groundwater wells as their primary drinking water source. It is well established that aquifers supplying these wells can be become contaminated with human and/or animal feces, which may contain pathogens leading to serious human health risks such as gastrointestinal (GI) illness (Charrois ) . Microbial source tracking ). However, to date, few studies have utilized these techniques in groundwater derived drinking water, particularly from privately owned wells.
At this time, it is not feasible to directly detect pathogens from water samples due to their low levels, sporadic and erratic presence, and the complex methodologies required to isolate them (Cabral ) . Traditionally, MST methods are not used as routine measures to indicate fecal contamination. Rather, the current standard of practice uses fecal indicator bacteria (FIB) as markers of fecal contamination when testing environmental water supplies for potability, given that normal intestinal inhabitants are typically present alongside certain pathogenic species (Leclerc et al. ) . A recent systematic review by Cabral () defined six (three major and three minor) ideal criteria for a good bacterial fecal indicator. The first three require that the FIB have a high concentration in feces, are generally non-pathogenic to humans, and are amenable to cost-effective and timely detection techniques. In addition, the indicator organism should not reproduce external to the intestinal tract, be present in higher quantities than associated pathogens in water and possess a similar decay rate as the pathogens. Utilizing these criteria, previous investigations have determined that, of all intestinal flora, Escherichia coli (E. coli) remains the ideal, reliable fecal pollution indicator for environmental waters (Leclerc et al. ) .
While utilizing E. coli as FIB is the current best practice, weaknesses have been recently identified. For example, novel evidence documents environmental E. coli populations that originated from animal intestines and adapted to proliferate in environmental conditions (Perchec-Merien & Lewis ). Moreover, E. coli has been documented to enter into a viable but non-culturable state, which may yield false negative results during water testing (Liu et al. ; Lothigus et al. ) . In general, the use of FIB does not reveal possible sources of fecal contamination and the use of MST methods may provide insight into these potential contributing host species. Additionally, the use of MST assays alongside traditional FIB will allow for the evaluation of MST as a potential indicator of fecal contamination.
In Ontario, three distinct areas with a higher burden of E. coli contamination among private wells have been identified (Krolik et al. ) . In one of these regions, the possible origins of fecal contamination were investigated using MST methods (Krolik et al. ) . Half of the samples had a positive signal for human markers, suggesting septic tanks as the potential origin. In this study, two additional areas with higher E. coli contamination rates were investigated, as well as a region with high cattle density. Traditional culture methods, MST assays using quantitative real time polymerase chain reaction (qPCR) and E. coli qPCR were performed. The specific aims were to: (1a) determine the predominant host-specific origins of contamination among private well water samples from the remaining two regions where burden of E. coli contamination is greater, (1b) determine whether a higher cattle density region exhibits higher levels of bovine contamination in private well water samples, (1c) look for general regional variations in predominant primary host contamination; and (2) evaluate, through comparison, MST and E. coli qPCR assays alongside E. coli culture methods, as indicators of fecal contamination.
MATERIALS AND METHODS

Study area and sample sets
Multiple convenience samples of private water supplies (predominantly private wells), collected over multiple years and regions, were utilized in this investigation. The first group was comprised of waters submitted for bacteriological analysis to the Public Health Ontario Laboratory in 2012 from Region A as described in Figure 1 , and which tested positive for E. coli. The 2013 group consisted of water samples submitted during the summer period from
Region A, and which tested negative for E. coli. The final sample set, from 2014, included submissions originating from the other two regions with higher E. coli contamination ( Figure 1) ; namely Regions B and C (Region A1 was investigated previously). Additionally, samples from an area with high cattle density were included (Region D) (Agriculture Survey Stats Canada ).
Sample processing and nucleic acid extraction
For bacteriological analysis, 100 mL of sample water was filtered using a 0.45 μm pore size mixed cellulose esters filter (Millipore Billerica, MA) using a partial vacuum. E. coli colony forming units (CFUs) were enumerated from each filter, after 24 h ± 2 h at 35 W C incubation on differential coliform (DC) media (Oxoid, ON) with 5-bromo-4-chloro-3-indolyl-D-glucuronide (BCIG). Colonies are colored blue when BCIG is released into the medium via glucuronidase activity, as it is insoluble, accumulating within the cell; these cells are considered positive for E. coli (Ogden & Watt ) . Additionally, total coliforms (TC), which include environmental and gut microbiome bacteria, appear pink on DC media (Oxoid, ON). E. coli and TC culture results are counted up to 80 CFU/100 mL, after which they are designated overgrown. Additionally, below or equal to 15 CFU/ 100 mL the method is considered not quantifiable (ISO
).
A second 100 mL of water was filtered through a mixed cellulose esters filter (Millipore Billerica, MA), rolled and placed in 2 mL of Lysis Buffer (bioMérieux, QC) for 1 h at 37 W C on rotation. The DNA was extracted using a magnetic silica bead system (bioMérieux, QC) and eluted to either a 60 μL of a 100 μL volume. The difference in final volumes was accounted for when results were expressed in cells per 100 mL. Several collection sites performed membrane filtration, bacteriological analysis and DNA extraction occurred within 24 hours of collection. DNA samples were frozen at À80 W C and shipped on dry ice to a single site for all qPCR analysis.
qPCR assays -Bacteroidales and E. coli
The MST assay used in this study was previously described by Lee et al. () for surface water, and subsequently applied to private well water by Krolik et al. () . Briefly, the MST (Krolik et al. 2013) , which were used to define collection sites A1, B and C.
assay is comprised of three singleplex assays: a human Standard curves for MST assays were created as previously described (Krolik et al. ) using plasmids with concentrations ranging from 6.5 million to 6.5 gene copies per reaction. The E. coli standards were prepared using genomic DNA from ATCC (American Type Culture Collection) strain 25922 and ranged from 1 million to 1 cell per reaction. Subsequently E. coli standards, to a limit of 1 gene copy per reaction, were run independently.
Data manipulation and statistical analyses
The seven datasets (spanning the three sample collection years) that were used to investigate assay relationships are shown in Table 1 .
Based on which species specific markers were detected In order to investigate geographic differences in fecal origins, a
Chi-square test was used to detect significant differences across the four regions. Subsequently, the Benjamin, Hochbery and Yekutieli (BHY) post-hoc comparison was used to determine where the differences occurred.
A possible relationship between the regional rates of human sourced fecal contamination and the density of 
RESULTS
The MST assays have a natural cut-off of 10 gene copies per reaction as previously published (Krolik et al. ) ; this was confirmed with pooled 2014 data (data not shown).
The E. coli assay has a LOD of 1 cell (7 gene copies) per reaction. Both qPCR assays, for all tested samples, had a PCR efficiency between 90 and 110% and an R 2 value above 0.995.
Host-specific contamination
In this analysis, the previously published 2012 MST dataset was limited to samples from the region of elevated risk for The frequency distributions for each region of domestic well density by DA on a logarithmic scale are shown in Figure 3 . It demonstrates the data is non-normally distributed and therefore medians per region are appropriate for comparison purposes (Table 4 ). Both visually, by the frequency distributions, and by comparing medians, it is evident that Regions A1 and C have higher domestic well densities.
Spearman correlations between BacHuman and BacGeneral MST assays, used to further illuminate the predominant source, were found for each of the four areas.
The results revealed that there is always a strong relationship between BacHuman and BacGeneral assay results (Table 5) . Additionally for the 2012 dataset (where n was substantially larger), BacBovine and BacGeneral had a moderate correlation.
Comparing CFU, E. coli and MST qPCR
The MST assay gene copy maxima per 100 mL of water fil- The E. coli qPCR assay maximum cell number was 18,757 expressed per 100 mL. 
Overall, a very weak to weak correlation was found between both BacHuman and BacGeneral positive results and E. coli positive results. However, when investigated further, it was observed that correlation strength varied with levels of contamination as determined by traditional E. coli culture methods. The relationship strengthened to a moderate relationship for both MST assays in the overgrown group (Table 9) .
DISCUSSION
Regional MST results
The predominant host contributing to fecal contamination of private wells varies by region; notably, A1 and C had statistically higher rates of human fecal contamination. It human-specific and general markers where the primary contamination source was a wastewater treatment plant. In addition, they found no statistically significant relationship between bovine and general markers in the same samples.
Reverse results were found in a study of surface water samples, where the primary contamination source was agricultural run-off (Lee et al. ) . It is noteworthy that the water samples in this study originate from various locations, as previous MST studies are traditionally performed using water originating from a point location (Blanch et al. ) , and yet still exhibit strong marker-to-marker correlation.
Indicators of fecal contamination
Minor, but significant, correlations were observed between E. coli PCR and BacHuman and BacGeneral results (using A_2012 data) with a stronger relationship observed between the latter. When stratified by levels of contamination Bacteroidales markers and E. coli cell numbers for creek and river water samples. Conversely, Sauer et al. () found no significant correlation between human However, there was a high level of disagreement between E. coli CFU/100 mL and E. coli qPCR assay (46% of samples that tested positive by culture were negative by qPCR). Additionally, when stratified to only include the quantifiable range (>15 CFU/100 mL), 65% of samples were positive by both E. coli culture and qPCR methods.
This increase in agreement between the two methods once culturable E. coli reaches the quantifiable range suggests that the qPCR assay is unable to detect a signal in samples with low E. coli CFU counts. The assay was performed using a single cell (7 gene copy) cut-off, which, when tested against samples that were culture positive for E.
coli, TC positive only (no E. coli), and negative for both E. 
